FK506 inhibits the Ca 2؉ ͞calmodulin-dependent protein phosphatase calcineurin, which plays a critical role in yeast subjected to salt stress. A chemical genetic screen for small molecules that suppress growth inhibition by high NaCl plus FK506 identified a structurally related class of suppressors of FK506 (SFKs) named SFKs 2-4. To identify possible protein targets for these small molecules, a genome-wide screen of Ϸ4,700 haploid yeast deletion strains was undertaken for strains showing resistance to high NaCl plus FK506. This screen yielded a number of genes not previously implicated in salt stress, including ALD6, which encodes an NADP ؉ -dependent aldehyde dehydrogenase, and UTR1, which encodes an NAD ؉ kinase. Transcriptional profiling of yeast treated with SFK2 indicated that the SFKs target the Ald6p pathway. In addition, screening of the deletion strains for hypersensitivity to SFK2 yielded ZWF1, encoding glucose-6-phosphate dehydrogenase, which has been shown to play an overlapping role with Ald6p in NADPH production. Furthermore, the SFKs inhibited the activity of Ald6p in vitro. Having established that the SFKs target Ald6p, they were used as tools to implicate systematically other gene products in the Ald6p pathway, including Utr1p, which may function by supplying Ald6p with its NADP ؉ cofactor. Furthermore, growth improvement by the SFKs on high NaCl plus FK506 was shown to require GPD1, which encodes an NADH-dependent glycerol-3-phosphate dehydrogenase that is important for the production of glycerol in response to osmotic stress.
S mall molecules are useful tools for the exploration of biology, allowing instantaneous modulation of protein function across diverse biological systems. The small-molecule immunosuppressant FK506, which inhibits the Ca 2ϩ ͞calmodulindependent protein phosphatase calcineurin, has greatly facilitated the study of calcineurin biology in many different organisms, from yeast to humans (1) . The discovery of new small-molecule modulators is hindered by a lack of means for rapid target identification. The model organism Saccharomyces cerevisiae offers a number of tools for target identification, including well annotated microarrays for transcriptional profiling, as well as a collection of almost every viable deletion strain. Recent work has illustrated the use of these tools in linking compounds with target pathways (2) (3) (4) (5) (6) (7) (8) . Herein, we demonstrate the power of small-molecule screening in the yeast system by first identifying the target of a class of small-molecule suppressors of FK506 (SFKs) and then using the SFKs to identify other genes involved in the signaling network of the target.
In yeast, calcineurin plays a critical role during a number of stresses including Na ϩ ͞Li ϩ stress (9) . During Na ϩ ͞Li ϩ stress, a rise in cytosolic Ca 2ϩ activates calmodulin, which in turn stimulates calcineurin. Calcineurin induces, via the transcription factor Tcn1p͞Crz1p, the transcription of ENA1, which encodes a P-type Na ϩ -ATPase that pumps Na ϩ from the cell (10, 11) . In addition, calcineurin converts the Trk1͞2p K ϩ channel from a K ϩ ͞Na ϩ transporter to a high-affinity K ϩ transporter, thereby reducing the amount of Na ϩ that enters the cell (10) . Because calcineurin is required for the Na ϩ ͞Li ϩ stress response, FK506 greatly inhibits yeast growth under salt-stress conditions.
High concentrations of Na ϩ ͞Li ϩ subject yeast to both ion toxicity and osmotic stress. Whereas the calcineurin pathway is important for Na ϩ ͞Li ϩ stress specifically, the high-osmolarity glycerol mitogen-activated protein kinase pathway is important for osmotic stresses in general (12) . One of the primary responses of yeast to external osmotic stress is to increase internal levels of the osmoprotectant glycerol. Glycerol is produced from the glycolytic intermediate dihydroxyacetone phosphate by the enzymes glycerol-3-phosphate dehydrogenase and glycerol-3phosphatase. Two isozymes of glycerol-3-phosphate dehydrogenase, encoded by GPD1 and GPD2, have been identified. Gpd1p is critical for osmoadaptation, whereas Gpd2p is critical for redox balance during anaerobic growth (13, 14) . Under conditions of high osmolarity, the high-osmolarity glycerol mitogenactivated protein kinase pathway stimulates the expression of GPD1, thereby increasing glycerol production and protecting the cell from external osmotic stress (13) .
In this study, we explore the biology of calcineurin in yeast by using a chemical genetic screen for small-molecule SFKs. To identify possible targets of the SFKs, we perform a parallel screen of the yeast deletion set. We then are able to implicate the aldehyde dehydrogenase Ald6p as the target of SFKs 2-4 by (i) transcriptionally profiling yeast treated with SFK2 and (ii) identifying haploid deletion strains that show hypersensitivity to SFK2. Having identified Ald6p as the target of the SFKs, we then use the SFKs to identify other genes in the Ald6p signaling network. We use SFK2 to knock down Ald6p function systematically in a number of NaCl͞FK506-resistant deletion strains, effectively creating a series of double deletions, to determine which of the deleted genes are required for the activity of SFK2. From this we implicate Utr1p in the Ald6p pathway. In addition, we show that growth improvement by the SFKs on high NaCl͞ FK506 requires GPD1, which encodes an enzyme important for glycerol production.
Materials and Methods
Yeast Strains and Media. The yeast deletion strain sets were obtained from the Saccharomyces Genome Deletion Project (Research Genetics, Huntsville, AL). The identities of strains BY4742 ⌬ald6, BY4741 ⌬zwf1, BY4742 ⌬utr1, and BY4742 ⌬gpd1 were confirmed by PCR. Rich medium [yeast extract͞ peptone͞dextrose (YPD)] contained 1% yeast extract (Difco), 2% Bacto peptone (Difco), and 2% glucose. NaCl and LiCl were added as indicated. Agar (2%) was added for plates. resistance to NaCl plus FK506. Strains were pinned from 96-well stock plates by using a 96-pin tool into 96-well plates containing YPD plus 0.8 M NaCl and 125 nM FK506. The plates were incubated at room temperature for 3 days. The OD 600 of each well was read by using a Spectramax Plus 384 plate reader (Molecular Devices). Those strains with an OD 600 that was Ͼ3 SDs above the mean OD 600 of all strains were collected in a 96-well plate for additional retesting. Retesting is described in Supporting Materials and Methods, which is published as supporting information on the PNAS web site. Approximately 4,700 haploid deletion strains in the BY4741 background were screened for hypersensitivity to SFK2, as described in Supporting Materials and Methods.
Transcriptional Profiling. Yeast were grown in YPD to midlog phase, diluted to OD 600 0.125, treated with either DMSO or 10 M SFK2, and grown to an OD 600 of 1.2 at 30°C. For NaCl͞FK506 treatment profiles, yeast were grown in YPD to an OD 600 of 1 and treated with H 2 O or 0.7 M NaCl by using a 5 M NaCl stock, plus 125 nM FK506, plus either DMSO or 10 M SFK2, for 30 min at 30°C. mRNA isolation, reverse transcription, labeling, hybridization, and scanning have been described (5) .
ALD6 Overexpression, Recombinant Ald6p Purification, and Activity
Assay. Plasmids for ALD6 overexpression and expression of GST-Ald6p, as well as the purification strategy for the GST-Ald6p and the Ald6p activity assay, are described in Supporting Materials and Methods.
Results

Identification of a Structurally Related Class of SFKs.
A chemical genetic screen was performed previously to identify small molecules that improve the growth of FK506-treated yeast in high-salt media (5) . In the current study we focus on a structurally related class of SFKs (SFKs 2-4). SFKs 2-4 improve growth maximally on high NaCl͞FK506 when used at a concentration of 5-10 M. As shown in Fig. 1A , SFKs 2-4 all contain a carbamate moiety. The carbamate is necessary for activity, because a version of SFK2 without the carbamate, 4-hydroxyacetophenone, is unable to improve growth on high salt (data not shown).
SFK2 not only improves growth on high NaCl plus FK506 but also on high LiCl plus FK506 ( Fig. 1B ). SFK2 does not improve growth on high KCl, a nontoxic salt, or high sorbitol, an osmotic stress (data not shown). SFK2 improves growth on high NaCl (data not shown) and high LiCl ( Fig. 1B ) even in the absence of FK506.
A Genome-Wide Screen for Deletion Strains with Improved Growth on
High NaCl Plus FK506. To identify possible targets of the SFKs, we screened the set of haploid deletion strains from the Saccharomyces Genome Deletion Project for resistance to 0.8 M NaCl plus 125 nM FK506 (similar conditions were used in our small-molecule screen). Presumably, if the SFKs were improving growth by causing a loss of function in a protein encoded by a nonessential gene, then such a screen should identify the majority of possible protein targets for the SFKs. Large-scale growth experiments have been performed previously in which pooled yeast strains were subjected to a variety of stresses including NaCl and their growth was monitored by using DNA barcodes and Affymetrix chips (15) . However, although this pooled method accurately identified strains that were hypersensitive to growth conditions, it did not accurately identify strains that were resistant to growth conditions. Strains that show resistance to NaCl͞FK506 are listed in Table 1 , with functional annotations (16) . Of the 29 strains identified, only 7 had been shown previously to play some role in NaCl͞FK506 resistance and͞or osmotic stress resistance (see Table 1 
legend).
Transcriptional Profiling of Yeast Treated with SFK2. To characterize the SFKs further, we transcriptionally profiled wild-type yeast after SFK2 treatment. SFK2 induces the up-regulation of a number of aldehyde dehydrogenase genes including ALD4 (ϩ4.7), ALD6 (ϩ4.1), and ALD5 (ϩ2.7). Given that the ⌬ald6 strain appeared in the list of NaCl͞FK506-resistant strains ( Table 1) , we hypothesized that the SFKs might target the Ald6p pathway. Ald6p is a component of the pyruvate decarboxylase shunt, which plays a critical role in providing acetyl-CoA to the cytosolic compartment, as well as in helping to maintain redox balance (see Fig. 2C ) (17) . Comparison of the profile of wild-type yeast treated with SFK2 to that of the ⌬ald6 deletion mutant revealed that the two profiles are highly similar, further suggesting that the SFKs might target the Ald6p pathway ( Fig. 2 A) . The overall correlation coefficient (r) between the two profiles is 0.69.
To identify transcriptional changes that are associated with SFK2 treatment under conditions of high NaCl͞FK506, we compared the transcriptional profile of yeast treated with NaCl͞ FK506 to that of yeast treated with NaCl͞FK506 plus SFK2 (see Fig. 6 , which is published as supporting information on the PNAS web site). Under the conditions of NaCl͞FK506, SFK2 treatment results in the up-regulation of ACS1, encoding an acetyl-CoA synthetase, which converts the acetate generated by aldehyde dehydrogenase to acetyl-CoA (18) . In addition, SFK2 treatment results in the up-regulation of a number of genes involved in the ␤-oxidation of fatty acids to acetyl-CoA, including POT1, POX1, FAA2, FOX2, ECI1, and DCI1 (19) . The transcriptional changes induced under NaCl͞FK506 stress by SFK2 treatment thus are consistent with an up-regulation of functions downstream of aldehyde dehydrogenase, such as acetyl-CoA production. Interestingly, ALD6 itself is not up-regulated by SFK2 under conditions of NaCl͞FK506.
A Genome-Wide Screen for Deletion Strains That Are Hypersensitive to SFK2. To further characterize the SFKs, the set of haploid deletion strains from the Saccharomyces Genome Deletion Project were screened for hypersensitivity to SFK2 treatment. If a deletion strain is hypersensitive to compound treatment, it suggests that the deletion is in a pathway that shares overlapping roles with that of the target of the compound. The deletion strains showing the most hypersensitivity to SFK2 are listed in Fig. 2B .
The strain deleted for ZWF1, which encodes the first enzyme in the pentose phosphate cycle, was the most sensitive to treatment with SFK2 ( Fig. 2B ), suggesting that SFK2 targets a pathway with functions that overlap with those of the pentose phosphate cycle. One of the central functions of the pentose phosphate cycle is the production of NADPH (20) (see Fig. 2C ). Ald6p uses almost exclusively NADP ϩ (rather than NAD ϩ ) as a cofactor (21) . Furthermore, the ⌬ald6 and ⌬zwf1 deletions have been shown to be synthetically lethal (22) . Presumably, this synthetic lethality is caused by the overlapping functions of the two genes in NADPH generation. The hypersensitivity of the ⌬zwf1 strain to SFK2 thus further supports the idea that the SFKs inhibit the Ald6p pathway.
Two other deletion strains, ⌬adh3 and ⌬bts1, were shown to be sensitive to SFK2 treatment ( Fig. 2B ). Similar to Ald6p, the mitochondrial alcohol dehydrogenase Adh3p is involved in carbon metabolism and redox balance. Under anaerobic conditions, Adh3p is thought to participate in an ethanol-acetaldehyde shuttle, which shuttles NADH out of the mitochondria for oxidation by glycerol-3-phosphate dehydrogenase, generating glycerol (23) . Intriguingly, Bts1p, a geranylgeranyl diphosphate synthase (24) , is linked genetically to the calcineurin pathway. The ⌬bts1 strain was shown recently to be synthetically lethal with the calcineurin deletion strain and hypersensitive to either FK506 or cyclosporin A (3).
Verification of Ald6p as a Target of the SFKs.
To verify that Ald6p is a relevant protein target of the SFKs, we determined whether ALD6 overexpression could suppress the effects of the SFKs on yeast growth. At high concentrations, SFKs 2-4 inhibit growth in YPD, and this growth inhibition can be suppressed by overexpression of ALD6 (Fig. 3A and data not shown) . In addition, SFKs 2-4 improve growth on high NaCl͞FK506, and ALD6 overexpression can suppress this growth improvement. ALD6 overexpression shifts the EC 50 of each of the SFKs for growth improvement on NaCl͞FK506 by Ϸ2-fold (data not shown). The SFKs also are able to inhibit the activity of recombinant Ald6p in an in vitro activity assay, although to different degrees (Fig. 3B ).
Ald6p and Utr1p May Act in the Same Biochemical Pathway. Having established that the SFKs target Ald6p, we next used the SFKs as tools to implicate other gene products in the Ald6p pathway. In yeast genetics, the analysis of the phenotype of a double deletion of two genes is often illuminating. By using the SFKs to inhibit Ald6p activity, in a sense creating the ⌬ald6 mutation, in any deletion strain of our choosing, we were able to make ''double deletions'' in a highly efficient manner. We reasoned that if the SFKs have no activity (e.g., cannot improve growth on high NaCl͞FK506) in a particular deletion strain, then the gene deleted in that strain might be linked to the Ald6p pathway. In several of the NaCl͞FK506-resistant strains (from Table 1) , SFK2 was not able to improve growth on NaCl͞FK506 (data not shown). These strains included ⌬utr1 (see Fig. 4A ). Utr1p has been identified as an NAD ϩ kinase based on its sequence similarity to other NAD ϩ kinases and its biochemical activity in vitro (25) . Because Ald6p utilizes NADP ϩ , we hypothesized that Utr1p might participate in the Ald6p pathway, possibly by supplying Ald6p with its cofactor (Fig. 4B ). NaCI͞FK506-resistant strains were initially identified in 96-well plates in liquid culture. For retesting on agar plates, NaCI͞FK506-resistant strains were serially diluted in 10-fold increments and spotted on YPD or YPD with 0.8 M NaCl plus 125 nM FK506 (see Supporting Materials and Methods). Strains with an asterisk (*) have been shown previously to play a role in NaCI͞FK506 resistance and͞or osmotic stress resistance.
The transcriptional profile of the ⌬ald6 deletion strain and that of the ⌬utr1 deletion strain are highly similar, further suggesting that the two genes might participate in the same pathway. The overall correlation coefficient between the two profiles is 0.71 (Fig. 4C ). In addition, the transcriptional profile of wild-type yeast treated with SFK2 and that of the ⌬utr1 deletion strain are highly similar with a correlation coefficient of 0.68.
Growth Improvement by the SFKs on High NaCl Plus FK506 Requires
GPD1. From metabolite analysis of fermenting yeast, the ⌬ald6 deletion mutation has been shown to result in an increased intracellular glycerol content (17, 26) . Because increased glycerol production is an important response to osmotic stress, we wanted to test whether the increased glycerol content of the ⌬ald6 deletion mutant could explain the improved growth of the mutant on high NaCl͞FK506. Because Gpd1p is critical for glycerol production during osmotic stress, we tested whether the SFKs could still improve growth on high NaCl͞FK506 in the ⌬gpd1 background. As shown in Fig. 5A, SFK2 can no longer improve growth on high NaCl͞FK506 in the ⌬gpd1 strain, suggesting that the SFKs improve growth via Gpd1p.
Discussion
In this study, we identified the protein target of a class of small molecules (SFKs 2-4) discovered through a forward chemical genetic screen for compounds that improve growth on high NaCl͞FK506. To identify possible protein targets of the compounds from our chemical genetic screen, we performed a parallel genetic screen of the yeast deletion strains from the Saccharomyces Genome Deletion Project for strains showing improved growth on high NaCl͞FK506. Assuming that our small molecules cause a loss of function in a nonessential gene product, this parallel genetic screen should have identified many of the possible protein targets for our small molecules. To link SFKs 2-4 to one of the possible targets, we further characterized the compounds by transcriptionally profiling yeast cells treated with SFK2 and identifying deletions strains that showed hypersensitivity to SFK2. The transcriptional profile of yeast cells treated with SFK2 was highly similar to the transcriptional profile of the ⌬ald6 strain. Furthermore, the screen for SFK2-hypersensitive deletion strains identified ⌬zwf1, which had been shown previously to be synthetically lethal with ⌬ald6. Taken together, these data suggested that the SFKs targeted the Ald6p pathway.
To verify that Ald6p was the target of the SFKs, we showed that overexpression of ALD6 suppresses growth inhibition by the SFKs in YPD and that overexpression of ALD6 supresses growth improvement by the SFKs on high NaCl͞FK506. In addition, SFKs 2-4 were able to inhibit Ald6p in an in vitro activity assay. Although we have provided significant evidence that the SFKs target Ald6p, it is possible that the SFKs target other aldehyde dehydrogenases in addition to Ald6p. In fact, we have been able to show that SFK2 also inhibits the in vitro activity of Ald4p, the aldehyde dehydrogenase most closely related to Ald6p that uses both NAD ϩ and NADP ϩ (data not shown). The fact that the SFKs also may target other aldehyde dehydrogenases should be considered, for example, when interpreting the results of the genome-wide screen for SFK2-hypersensitive strains.
Having verified that the SFKs target Ald6p, we next used the SFKs as tools to implicate other gene products in the Ald6p signaling network. With the SFKs, we were able to inhibit Ald6p activity, in a sense creating the ⌬ald6 mutation, in any deletion strain of our choosing. In this way, we could make the double deletion of ⌬ald6 and any other deletion in a highly efficient manner. If the SFKs have no activity (e.g., cannot improve growth on high NaCl͞FK506) in a particular deletion strain, then it suggests that the gene deleted in that strain might be linked to the Ald6p pathway. Through systematic screening of the NaCl͞ FK506-resistant strains (Table 1) for strains in which SFK2 had no activity, we were able to implicate the NAD ϩ kinase Utr1p in the Ald6p pathway. Although Utr1p had been shown previously to be an NAD ϩ kinase through sequence homology and biochemical analysis, our results implicate Utr1p in the Ald6p pathway. We link Utr1p to the Ald6p pathway by showing that (i) both ALD6 and UTR1 are involved in salt stress (see Table 1 ), (ii) SFK2 does not improve growth on high NaCl͞FK506 in the ⌬utr1 strain, and (iii) deletion of either ALD6 or UTR1 results in a similar transcriptional response.
Utr1p may function by supplying Ald6p with its NADP ϩ cofactor. NAD ϩ kinases have been shown to facilitate NADP ϩdependent processes. In yeast, Utr1p is thought to contribute to the NADPH-dependent ferrireductase system by supplying it with NADP ϩ (25, 27) . The ferrireductase system reduces extracellular ferric chelates to their ferrous counterparts for uptake by the cell. During fertilization in sea urchin eggs, an NAD ϩ kinase stimulates an NADP ϩ -dependent enzyme, glucose-6-phosphate dehydrogenase. Fertilization causes an influx in Ca 2ϩ , activating calmodulin, which in turn binds to and activates the NAD ϩ kinase (28) . Once activated, the NAD ϩ kinase provides NADP ϩ to glucose-6-phosphate dehydrogenase, thereby increasing the production of NADPH via the pentose phosphate cycle (29) . As in the fertilization of sea urchin eggs, salt stress in yeast is accompanied by a Ca 2ϩ influx that activates calmodulin. Activated calmodulin could potentially stimulate Utr1p, which in turn may generate NADP ϩ , for use by Ald6p.
By inhibiting Ald6p, the SFKs likely improve growth on high NaCl͞FK506 via Gpd1p, an enzyme that is critical for survival during osmotic stress. This hypothesis is supported by our finding that SFK2 is no longer able to improve growth on high NaCl͞ FK506 in the ⌬gpd1 strain (Fig. 5A) . As a defense against osmotic stress, yeast cells increase production of glycerol, thereby elevating the osmolarity of the cytosol. The ⌬ald6 strain grown under fermenting conditions is known to have a somewhat elevated intracellular glycerol concentration over wild-type yeast (17, 26) . In addition, we have been able to show that the ⌬ald6 strain grown to log phase under aerobic conditions also has an elevated glycerol concentration (data not shown). Glycerol production via Gpd1p requires NADH (see Fig. 5B ). It has been postulated that the deletion of the gene encoding the NADP ϩdependent Ald6p results in an increased glycerol concentration as a result of the activity of other NAD ϩ -dependent aldehyde dehydrogenases (Ald2p and Ald3p) or NAD ϩ ͞NADP ϩdependent aldehyde dehydrogenases (Ald4p) (17) . It is unclear, however, whether the elevated glycerol concentration of the ⌬ald6 strain is sufficient to explain its improved growth on high NaCl͞FK506. We were unable to show that the SFKs elevate glycerol concentration (data not shown). However, given that the increase in glycerol concentration seen in the ⌬ald6 strain is slight and given that the growth improvement on high NaCl͞ FK506 by the SFKs is weaker than that by deletion of ALD6, we may not be able to detect an increase beyond the statistical error of our methods. Although the SFKs likely improve growth on high NaCl͞FK506 through Gpd1p, they may improve growth on LiCl͞FK506 through additional mechanisms. Indeed, SFK2 treatment is able to improve the growth of a ⌬gpd1 strain on high LiCl͞FK506 (data not shown).
In this study, as well as in earlier work (5), we identified small molecules that suppress the effects of FK506 in yeast. To identify potential targets for SFKs 2-4, we screened the yeast deletion set. We then were able to link the SFKs to a specific target pathway (the Ald6p pathway) by transcriptionally profiling yeast treated with SFK2 and identifying the chemical-genetic interactions of SFK2 with the yeast deletion set. In this study and in earlier work (5), we thus have established a framework for target identification that should facilitate target identification for other small-molecule SFKs. Furthermore, by using the SFKs to implicate other gene products in the Ald6p pathway, we have demonstrated the utility of small molecules in network dissection. In theory, the SFKs could be used to screen the entire genome for other gene products in the Ald6p target pathway. In addition, if the SFKs are active in other, higher organisms, they could be used to probe the calcineurin pathway in other systems.
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